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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
The loading histories of aircrafts and rockets are complex and the components are exposed to combined loading conditions with 
high numbers of high-frequency cycles superimposed to lower-frequency carrier vibrations. The amplitudes of both frequency 
ranges usually are variable. The small-amplitude cycles arise from several discrete sources such as structural vibrations which are 
especially critical at special components and places of an aircraft. The environment plays another important role and ambient air 
an  se -water have to be consid red. Almost no knowledg  xists of the material response in the VHCF regime, especially 
conc rning the en ironmental influence. In t is study, experiments we e performed on aluminum alloy 7075-T651 in a 3.5%- 
sodiu -chlorid  solution and in labo atory air of 22 °C of 50% rela iv  humidity at high (105 – 108) and very high numbers f 
cycles (5 × 108 – 1010). The loading sequences consisted of a low-frequency square w ve (0.4 to 1 Hz), being superimposed with 
a high frequency 20 kHz random vibration. The random vibrations were simulated by a Gauss distribution allo ing stress ranges 
of 10 to 70 MPa or alternatively 50 to 90 MPa. Stress/strain vs. life time curves were measured. The results were correlated with 
in-situ microscopy observations of the specimen surfaces and with post-experimental fracture-surface images. This technology 
allowed identifying fatigue crack initiation and propagation stages being needed for an interpretation of the relevant fatigue-life 
mechanisms under environmental influences. 
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1. Introduction 
Fatigue loading of any automobile part consists roughly of two types. One is high-amplitude loading at a 
relatively low frequency, and the second is a high-frequency load with a small amplitude which is superimposed to 
low-frequency loads. Thus, a combined cyclic load (CCF) is generated (Stanzl-Tschegg et al., 2015). Since 
automobiles and also other moving vehicles are several years in service they are exposed to high or even very high 
numbers of cycles. Therefore testing of the material response in the HCF and VHCF regimes is indispensable. 
Experimental studies, however, are rare, and researchers tried to solve problems with models based on fatigue 
properties at lower numbers of cycles. Experimental testing is even more demanding if i.) super-imposed loads have 
to be simulated, if ii.) the amplitudes are varying and iii.) the environment is corrosive. Therefore, almost no 
experimental results can be found in the literature.  
 
The presented combined-cyclic load experiments allow to simulate actually occurring loadings quite well. In 
addition, the prevailing environmental conditions have to be considered since most machine parts and materials are 
not used in laboratory atmosphere. Pronounced changed life-times have to be expected which has been shown by 
Schönbauer et al. (Schönbauer et al., 2014) for different steels. In this study, the influence of different environments 
on the service fatigue lives of 7075 Al-T651 was studied systematically. Large influences were also detected in 
measurements on other Al-alloys (Fitzka et al., 2014, Mayer et al., 2013, Mayer et al., 2014), Mg-alloys (Mayer et 
al., 1999) and Ti-alloys (Sarrazin-Baudoux et al., 2016).  
Former investigations on the 7075-T651 alloy (Arcari et al., 2015, Meischel et al., 2015, Stanzl-Tschegg et al., 
2015) were performed in laboratory air, whereas fatigue loading of 7075-T651 in 3.5% NaCl solution is main issue 
of the present study. 
In this paper, material, experimental set-up, measuring and evaluation procedure are described and some details 
of the results are reported and shortly discussed. A few conclusions are drawn finally. 
 
2. Material and Experimental Details 
2.1. Material and Specimen Preparation 
The material was delivered in form of 20 mm thick plates which had been heat treated according to T651. The 
chemical composition was (in wt.%): 0.11 Si, 0.16 Fe, 1.5 Cu, 0.083 Mn, 2.6 Mg, 0.18 Cr, 0.005 Ni, 5.73 Zn, 
0.033 Ti, 0.013 Ga, 0.015 V and REM Al. The mechanical properties were: Modulus of elasticity: 72 GPa, tensile 
stress: 540 MPa, yield stress: 470 MPa, fracture strain 12% and hardness 163 HV.  
The material was machined with a high-precision automatic lathe to shapes as shown in Fig. 1(a) the specimens 
were polished to grade #600 parallel to their length axis afterwards. Fig. 1(a) shows that the central part of the 
dumbbell-shaped cylindrical specimen with a total length of 54.8 mm and a central cylindrical part with a length of 
10 mm. The diameter of this part is 4 mm.  
 
2.2. Experimental Setup and Process Description 
In the experiments, high-frequency cyclic vibrations were superimposed to such of low frequency. The low-
frequency wave was produced by a servo-hydraulic testing machine (MTS TestStar) at a frequency of 0.4, 0.5 or 
1 Hz and was rectangular-shaped. The high-frequency vibration was generated by an ultrasonic-fatigue machine 
which was operated in resonance at 20 kHz (Mayer, 1999, Stanzl, 1981). As shown in Fig. 1(b), ten ultrasonic 
blocks, each of which comprises several thousand cycles were superimposed to one vibration of the low-frequency 
wave. The ultrasonic blocks were 100, 200 or 250 ms long which is equivalent to 2000, 4000 or 5000 cycles. The 
amplitudes of each ultrasonic block were quasi-randomly distributed according to a Gauss distribution (µ = 0.0, 
σ = 0.3477, Fig. 2).  
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Fig. 1. (a) Specimen shape; (b) Schematic of superimposed loading consisting of constant-amplitude (CA)-square-shaped low-frequency carrier 
wave and randomly varying 20 kHz blocks. 
The total minimum stress min was 20 MPa in all tests and the total maximum stresses max were 340, 360, 380 or 
400 MPa. The amplitude of the high-frequency amplitudes varied according to a Gauss distribution between 90 and 
50 MPa or, respectively, between 70 and 10 MPa. Distribution and cumulative frequency of the amplitudes are 
shown in Fig. 2(a) and (b).  
 
 
Fig. 2. (a) Distribution of ultrasonic random signals with amplitudes between 90 and 50 MPa; (b) Cumulative frequency of amplitudes.  
 
It is not possible to measure the amplitude of each 20 kHz cycle during the experiment. Therefore, prior 
calibration values are used that were obtained with strain gauges which recorded the strains at defined vibration 
amplitudes. From this calibration, the stress values are derived by multiplying the strain with the modulus of 
elasticity (assuming elastic loading).  
 
For the evaluation, the low-frequency signal and the envelope curve of the positive ultrasound signals are 
recorded for each single block. These data are stored as binary-coded National Instruments TDMS files. 
Subsequently histograms as shown in Fig. 3 are generated.  
 
Fig. 3(a) shows the histogram of the superimposed 20 kHz stress amplitudes. The idealized curve is shown with 
vertical green lines. Idealized means that pre-given stress-amplitude signals are evaluated. In other words, the curve 
would be like this if the used equipment would work without deviation. The actually realized values are shown in a 
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dashed manner. In Fig. 3(b), the cumulative frequency of idealized and realized stress amplitudes is plotted. They 
are almost identical. 
 
 
Fig. 3. (a) Histogram of an experiment with pre-given and realized stress amplitudes; (b) Cumulative frequency of stress amplitudes (shown in 
(a)). 
 
2.3. Measurements in Corrosive Environment  
Part of the experiments was performed in a 3.5% NaCl solution. For this, a corrosion device, as shown in Fig. 
4(a) was used (Schönbauer et al., 2014). Test chamber and solution reservoir are made of stainless 316L und 316Ti 
steel. The front plate of the test chamber is made from Polycarbonate in order to make a visual observation of the 
specimen possible. The facility contains sensors for measurement of temperature, electric conductivity and oxygen 
content as well as of the corrosion potential. The reservoir contains 30 l of the NaCl solution. For more details see 
(Schönbauer et al., 2014). In Fig. 4(b), the impact of the corrosive attack of the NaCl solution is visible. The right 
specimen was stored for 48 hours without applying a load in the 3.5% NaCl solution. 
 
      
Fig. 4. (a) Corrosion facility (Schönbauer et al., 2014); (b) Surface of a polished reference specimen (left) and a specimen exposed without load 
application to 3.5.% NaCl solution during 48 hours (right). 
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2.4. Testing Program 
The testing program comprises three parameters that can be varied. One is variation of environment such that, at 
the begin laboratory air (23 °C and 50% relative air humidity (RH)) is used and afterwards laboratory air or 3.5% 
NaCl solution. 
Second parameter is the variation of two random sequences of the high-frequency load as described in section 
2.2. In the first sequence, a,hf varies between 10 and 70 MPa and in the second one between 50 and 90 MPa. 
Third parameter is the frequency of the low-frequency rectangular-shaped load, flf which means that the block-
lengths of the high-frequency vibration are varied. The flf were chosen to be 0.4, 0.5 und 1 Hz so that, block lengths 
of 250, 200 and 100 ms resulted. 
With this, 12 life-time curves were obtained. The total minimum stress amplitude min was 20 MPa and the total 
maxima max were 340, 360, 380 und 400 MPa. 
 
3. Results 
3.1. 90/50 MPa AIR  
The life-times of the super-imposed loading sequences with stress amplitudes varying between the stress 
amplitude a,hf = 50 and 90 MPa. The minimum stress min was 20 MPa. In Fig. 5(a) the results obtained in 
laboratory air are shown and in Fig. 5(b) those in 3.5% NaCl solution are presented. Scatter of the results is 
pronounced, and 50% fracture-probability lines are plotted. These lines indicate that the life-times tend to be shorter 
for shorter block-lengths or, in other words, fewer low-frequency vibrations. The data for max = 400 MPa do not 
follow this trend.  
3.2. 90/50 MPa NaCl  
The measurements in the 3.5% NaCl solution (Fig. 5(b)) likewise show a trend of shorter life-times for shorter 
block-lengths, i.e. fewer low-frequency vibrations. Scatter of the results is smaller than in air.  
 
 
Fig. 5. Life-times for superimposed loading: 10 high-frequency variable-amplitude sequences with a,hf = 90/50 MPa and min = 20 MPa 
superimposed each to one constant low-frequency square wave: (a) Laboratory air (23 °C, 50% RH); (b) 3.5% NaCl solution. 
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dashed manner. In Fig. 3(b), the cumulative frequency of idealized and realized stress amplitudes is plotted. They 
are almost identical. 
 
 
Fig. 3. (a) Histogram of an experiment with pre-given and realized stress amplitudes; (b) Cumulative frequency of stress amplitudes (shown in 
(a)). 
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application to 3.5.% NaCl solution during 48 hours (right). 
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3.3. 70/10 MPa, Air 
Non-fracture was observed for 1 Hz carrier waves only at the lower total maximum stress max in contrast to 
those of flf = 0.4 or 0.5 Hz. In addition, the values for flf = 0.4 Hz, i.e. block lengths of 250 ms look strange. 
Fractures and run-throughs occurred at all stress levels. 
 
3.4.  70/10 MPa, NaCl 
Since fracture occurred only after more than 109 cycles in three cases and all other specimens survived at the 
second highest total stress level (max = 380 MPa) no additional tests were performed at lower total stress levels. The 
results for block lengths of 250 ms look strange (Fig. 6(b)) which is a similar behavior as in air environment. 
 
 
Fig. 6. Life-times for superimposed loading: 10 high-frequency variable-amplitude sequences with a,hf = 70/10 MPa and min = 20 MPa 
superimposed each to one constant low-frequency square wave: (a) Laboratory (23 °C, 50% RH) air; (b) 3.5% NaCl solution. For data points 1, 2 
with green circles see fracture surfaces in Figs. 8(b), 8(c) and Figs. 9(b) and 9(c). 
4. Discussion  
Plotting the 50% survival lines of Figs. 5 and 6 without data points makes a comparison and interpretation of the 
fatigue response to superimposed loading in the VHCF regime easier, see Fig. 7.  
 
 
Fig.7. Comparison of 50% survival lines for three different block lengths. (a) block length 100 ms; (b) block length 200 ms; (c) block length 
250 ms. Each diagram contains the results with 90/50 MPa sequences in air, 70/10 MPa sequences in air and 70/10 MPa sequences in 3.5% NaCl 
solution. In (b) and (c) also the 90/50 MPa sequence results are plotted. 
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Survival is most probable if the specimens are random-loaded with stresses between 70 and 10 MPa in NaCl 
solution. For block lengths of 250 ms, almost no differences between measurements in air and NaCl solution can be 
recognized. For 100 and 200 ms, significant differences are visible. 
 
In the following, fractographic structures which were obtained with SEM in the SE and BS mode together with 
EDX studies are discussed. Fig. 8 visualizes the features for loading in laboratory air and Fig. 9 those for 3.5% NaCl 
solution. Loading of the specimen in Fig. 8 was max = 400 MPa, a,hf = 70/10 MPa and the block length was 
200 ms, see green circle with the number 1 in Fig. 6(a). The specimen broke after 8.96 × 107 cycles with crack 
initiation from an inclusion. Fig. 8(a) gives an overview showing different fracture areas. Figs. 8(b) and 8(c) were 
taken in the back-scatter mode with two different magnifications in order to make the inclusions better visible. The 
size of the inclusion is about 20 µm, and EDX studies on this and all other specimens showed the elements Al, Fe, 
Zn and Cu representing intermetallic inclusions. No oxides could be found. Figs. 8(b) and 8(c) show a 
transcrystalline fracture mode, Fig. 8(b) makes the crack advance in parallel bands visible that reflect the block by 
block-load sequences. In Fig. 8(c), secondary cracks perpendicular to the main crack and image plane may be 
recognized.  
 
   
Fig.8. Fracture surface of specimen 1 (see Fig. 6(a)) after superimposed loading during 8.96 × 107cycles with max = 400 MPa, and 
a,hf = 70/10 MPa and a block length of 200 ms; (a) overview; (b) and (c) magnifications of (a). 
A similar evaluation of the fracture surfaces was performed on specimens that were fatigued in 3.5% NaCl-
solution. The fracture surface of specimen 2 (Fig. 6(b)) is shown in Fig. 9. It was loaded with max = 400 MPa and 
a,hf = 70/10 MPa and a block length of 200 ms and broke after 2.30 × 108 cycles. Fig. 9(a) is an overview of the 
different fracture areas. Mainly two fatigue-crack initiation and propagation areas are visible which both started 
from the specimen surface. One crack started from the top in Fig. 9(a) and the second one at the right side. The final 
fracture surfaces are rougher. 
 
   
Fig. 9. Fracture surface of specimen 2 (see Fig. 6(b)) after superimposed loading during 2.30 × 108cycles with max = 400 MPa, a,hf = 70/10 MPa 
and a block length of 200 ms; (a) overview: Two crack initiation sites; (b) and (c) magnifications of (a) showing the two crack initiation sites. 
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3.3. 70/10 MPa, Air 
Non-fracture was observed for 1 Hz carrier waves only at the lower total maximum stress max in contrast to 
those of flf = 0.4 or 0.5 Hz. In addition, the values for flf = 0.4 Hz, i.e. block lengths of 250 ms look strange. 
Fractures and run-throughs occurred at all stress levels. 
 
3.4.  70/10 MPa, NaCl 
Since fracture occurred only after more than 109 cycles in three cases and all other specimens survived at the 
second highest total stress level (max = 380 MPa) no additional tests were performed at lower total stress levels. The 
results for block lengths of 250 ms look strange (Fig. 6(b)) which is a similar behavior as in air environment. 
 
 
Fig. 6. Life-times for superimposed loading: 10 high-frequency variable-amplitude sequences with a,hf = 70/10 MPa and min = 20 MPa 
superimposed each to one constant low-frequency square wave: (a) Laboratory (23 °C, 50% RH) air; (b) 3.5% NaCl solution. For data points 1, 2 
with green circles see fracture surfaces in Figs. 8(b), 8(c) and Figs. 9(b) and 9(c). 
4. Discussion  
Plotting the 50% survival lines of Figs. 5 and 6 without data points makes a comparison and interpretation of the 
fatigue response to superimposed loading in the VHCF regime easier, see Fig. 7.  
 
 
Fig.7. Comparison of 50% survival lines for three different block lengths. (a) block length 100 ms; (b) block length 200 ms; (c) block length 
250 ms. Each diagram contains the results with 90/50 MPa sequences in air, 70/10 MPa sequences in air and 70/10 MPa sequences in 3.5% NaCl 
solution. In (b) and (c) also the 90/50 MPa sequence results are plotted. 
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Survival is most probable if the specimens are random-loaded with stresses between 70 and 10 MPa in NaCl 
solution. For block lengths of 250 ms, almost no differences between measurements in air and NaCl solution can be 
recognized. For 100 and 200 ms, significant differences are visible. 
 
In the following, fractographic structures which were obtained with SEM in the SE and BS mode together with 
EDX studies are discussed. Fig. 8 visualizes the features for loading in laboratory air and Fig. 9 those for 3.5% NaCl 
solution. Loading of the specimen in Fig. 8 was max = 400 MPa, a,hf = 70/10 MPa and the block length was 
200 ms, see green circle with the number 1 in Fig. 6(a). The specimen broke after 8.96 × 107 cycles with crack 
initiation from an inclusion. Fig. 8(a) gives an overview showing different fracture areas. Figs. 8(b) and 8(c) were 
taken in the back-scatter mode with two different magnifications in order to make the inclusions better visible. The 
size of the inclusion is about 20 µm, and EDX studies on this and all other specimens showed the elements Al, Fe, 
Zn and Cu representing intermetallic inclusions. No oxides could be found. Figs. 8(b) and 8(c) show a 
transcrystalline fracture mode, Fig. 8(b) makes the crack advance in parallel bands visible that reflect the block by 
block-load sequences. In Fig. 8(c), secondary cracks perpendicular to the main crack and image plane may be 
recognized.  
 
   
Fig.8. Fracture surface of specimen 1 (see Fig. 6(a)) after superimposed loading during 8.96 × 107cycles with max = 400 MPa, and 
a,hf = 70/10 MPa and a block length of 200 ms; (a) overview; (b) and (c) magnifications of (a). 
A similar evaluation of the fracture surfaces was performed on specimens that were fatigued in 3.5% NaCl-
solution. The fracture surface of specimen 2 (Fig. 6(b)) is shown in Fig. 9. It was loaded with max = 400 MPa and 
a,hf = 70/10 MPa and a block length of 200 ms and broke after 2.30 × 108 cycles. Fig. 9(a) is an overview of the 
different fracture areas. Mainly two fatigue-crack initiation and propagation areas are visible which both started 
from the specimen surface. One crack started from the top in Fig. 9(a) and the second one at the right side. The final 
fracture surfaces are rougher. 
 
   
Fig. 9. Fracture surface of specimen 2 (see Fig. 6(b)) after superimposed loading during 2.30 × 108cycles with max = 400 MPa, a,hf = 70/10 MPa 
and a block length of 200 ms; (a) overview: Two crack initiation sites; (b) and (c) magnifications of (a) showing the two crack initiation sites. 
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In summary, the following conclusions may be drawn:  
A corrosive attack of the NaCl solution takes place at the specimen surfaces which causes surface crack initiation 
and no interior cracks. One or two surface cracks were also formed perpendicular to the main fracture surface. It is 
assumed that, NaCl solution penetrating along grain boundaries is responsible for this. The fracture surfaces are 
rougher, more brittle and show deeper and secondary cracks to a greater extent. These secondary cracks are 
probably responsible for the observed fatigue-crack growth retardation.  
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